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Two-dimensional analysisThis paper presents a ﬁnite element model for the analysis of composite beams with partial interaction. In this
model, the elements of the composite beams are modeled by six different types of frame elements. Compared
with other methods presented in the literature, the main advantages of the proposed method are as follows:
(1) intuitiveness, as the different elements of the model present a close and easy to understand relation with
the structural behavior of the composite beam; (2) applicability as the method directly provides useful informa-
tion for the design work; (3) versatility and generalization in dealing with any combination of loading and
boundary conditions (Furthermore, the proposed model enables the analysis of statically indeterminate struc-
tures, tapered beams aswell as structureswith non-uniform shear connector distributions.); (4) easy elaboration
of models; and (5) possible widespread use of the model, as the proposed method can be implemented in any
structural software. To validate the accuracy and the efﬁciency of the proposed model, a set of FEMs are veriﬁed
against those results obtained by analytical equations available in the literature for different boundary and load-
ing conditions. Furthermore, a set of parametric studies are performed to investigate the effects of the size of the
FEMs along with the inﬂuence of the connection stiffness on the behavior of composite beams with different I
beams.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the last decades, the use of concrete and steel composite beam
structural systems has received signiﬁcant attention both numerically
(e.g. [15], [35], [12], [5]) and experimentally (e.g. [1], [28], [10], [11],
[6] and [13]). This popularity is due to their construction speed together
with structural and cost advantages. In a steel–concrete composite
beam the tensile strength of the steel and the compressive strength
and mass of the concrete slab are exploited. These two materials are
connectedwith shear struts so that they act compositely. For a compos-
ite beam with rigid shear connection, there is full interaction between
the steel and the concrete members. In this case, there is no relative
slip at the interface of both materials and Navier hypothesis is fully
applicable. This approach is followed by most codes (e.g. the rigid-
ideal plastic method in [8,9]). Nevertheless, all shear connections are
ﬂexible to some extent and therefore, full interaction is rarely achieved
in practice. For this reason, partial interaction (see e.g. [34], [18], [25]
and [3]),with a relative slip at the interface, commonly appears in actual
structures. The simulation of this relative slip is of primary importance
because it affects both the deﬂections and the stresses in both the con-
crete and steel members. Therefore, partial interaction occurs to some. This is an open access article underextent in all beams weather fully connected or not. However, according
to Queiroz et al. [22], anyﬂexibility in the connectionmay be ignored for
beams designed for full connection.
A number of studies have been carried out to simulate the behavior
of composite beams with partial shear interaction. According to many
authors (see e.g. [29]), the ﬁrst analytical model including partial
shear interaction for beams is attributed to Newmark et al. [17]. In this
method, the equilibrium and compatibility equations for an element
of the composite beam are reduced to second order differential equa-
tions. Thismodel assumes distributed bonds at the concrete–steel inter-
face. These bounds enforce contact between components and allow
longitudinal interlayer slip. The differential equation approach of this
method was also followed by Martínez and Ortiz [2], who deﬁned the
analytical solutions for elastic simply supported composite beams
under simple loading cases. This procedure assumes that the deﬂections
of the centroids of steel and concrete cross-sections are the same and
continuous connection at the concrete–steel interface. The main incon-
veniences of these analytical methods are as follows: (1) obtaining the
analytical equation of any simple load case requires many efforts.
(2) The analysis is complex and costly to apply and is limited to some
particular load cases and their combinations. (3) The effects of the actu-
al non-continuous shear struts cannot be studied. For all these reasons,
the analytical approach is far from being suitable for practical design
[33]. Alternatively, numericalmethods have propitiated the developmentthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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design than analytical equations. Examples of approximated methods
can be found in the literature (see e.g. [21], [30], [19], [26]). Among
these procedures, it is to highlight the ﬁnite element model simulation.
This issue has received considerable attention in the last years.
A major concern of the simulation of composite beams by ﬁnite
element model (FEM) analysis lays on the model dimensionality.
Many researches (such as [7], [27] or [4]) have proved that one-
dimensional ﬁnite elementmodels can be used to simulate satisfactorily
the global behavior of composite beams. Nevertheless, these are not
adequate to simulate the local responses, such as the distribution of
stresses in concrete and steel components and in their interface. This
limitationmade research focus on 2D and 3Dmodels to simulate the be-
havior of composite beams (see e.g. [16]). On the one hand, 3D models
are especially adequate for accurate simulation of local aspects of
composite structures. An example of their application is to deﬁne an
accurate distribution of stresses at discontinuity sections. Nevertheless,
according to Queiroz et al. [23,24] the numerical convergence problem
and the large computation times of these models discourage its use
for complex structural systems. Although the recent development of
adequate software, such as ABAQUS/explicit (see e.g. [20,31]), has
improved considerably the convergence, and therefore, the applicability
of the 3Dmodels, many authors agree that 2Dmodelsmight still be pre-
ferred for practical design work. A detailed review of some of the main
2D and 3D models presented since the eighties is presented by Titoum
et al. [32]. Many authors (see e.g. [22]), have presented shell element
models using springs to simulate the behavior of the connection.
These models might be very accurate. In fact, they are able to simulate
local effects, such as patch loading or web buckling, including shear
deformation. Nevertheless, the accuracy of the shell element models is
associated with two problems: (1) the results of these models cannot
be directly used in design, as integration of stresses is required; and
(2) especially in large scale structures, shell element models might re-
sult more computationally challenging than beam element models. Be-
cause of these problems, beam element models might be preferred as
they provide relatively accurate results to be used in design with
lower computational effort. Furthermore, shear deformation can be
included. One of the methods based on 2D simulation by linear frame
elements is presented in [23,24]. In this method, the concrete–steel in-
terface is simulated by discrete nonlinear springs located at the concrete
centroid.
This paper aims to provide a structured approach to the simulation
of the partial interaction behavior using simple ﬁnite element software.
To do so, a model uniquely composed of beam elements is proposed.
This model directly provides useful information for the design work
without the need of stress integration. To do so, it proposes a two-
dimensional ﬁnite element model to analyze the behavior of composite
beams with partial interaction and arbitrary boundary and loading con-
ditions. In thismodel, the different elements of the composite beams are
modeled by six different types of frame elements (concrete slab, steel
beam, vertical struts, spring shear connector elements and elements
representing concrete thickness and steel thickness). Compared with
the analytical equations presented in the literature, the main advan-
tages of the proposed model are as follows: (1) intuitiveness, as each
of the elements of themodel presents a close and easy to understand re-
lation with the structural behavior of composite beams; (2) applicabili-
ty, as themethod directly provides useful information (such as forces in
steel beam and concrete slab, shear connector forces or beam
deﬂections) for the design work; (3) versatility and generalization in
dealing with any combination of loading and boundary conditions.
The proposed model enables the analysis of statically indeterminate
structures, tapered beams, frames as well as structures with non-
uniform shear connector distributions. Furthermore, this model might
be easily modiﬁed to deal with 3D structures and nonlinear behavior
of concrete slab, steel beam and shear connectors. (4) As the models in-
clude sequences of repetitive elements, they can be easily elaborated bysimple preprocessing algorithms. And (5) as the model only includes
frame elements, themodel behavior can be easily reproduced by simple
structural software.
The paper is organized as follows. In Section 2, the analytical
equations presented in the literature to deﬁne the behavior of simply
supported composite beams under different loading cases are reviewed.
In Section 3, themain characteristics of each of the elements of the pro-
posed frame model are described in detail. In Section 4, the numerical
application of themodel to two different examples (a simply supported
and a continuous composite beam) is presented. To validate the accura-
cy and the efﬁciency of the proposedmodel, this section includes differ-
ent FEMs veriﬁed against the results of the analytical equations. In this
analysis, the effects of the connection stiffness and the geometrical
andmechanical properties of the beam elements are also studied. Final-
ly, some conclusions are drawn in Section 5.
2. Composite beams with partial shear interaction: analytical
approach
The analytical equations of composite constant depth simply sup-
ported beams with partial interaction under simple load cases can be
found in [2] (Eqs. (1)–(4)). In this procedure, the equilibrium equations
of the composite beam are reduced to second order differential equa-
tions from which analytical results can be obtained. These equations
are based on the following assumptions: (1) the shear connectors, as
well as concrete and steel, behave linearly. (2) Concrete slab and steel
beam have the same curvature (and same rotation) throughout the
length of the composite beam. (3) Frictional effects and uplift at the con-
crete–steel interface are neglected. And (4) the discrete shear connectors
at the concrete–steel interface are uniform throughout the length com-
posite beam. With kq being the connector stiffness under shear force, sq
being the shear connector longitudinal spacing and nq being the number
of shear struts in every row separated sq, the distributed constant stiffness
of the shear connections throughout the beam is assumed as Kq =
(nq · kq) / sq. These parameters are illustrated in Fig. 1.A.
As an example of the results of the analytical approach, the analytical
equations for concrete slab axial forces at cross section x, Nc(x), for
different loading cases are presented as follows:
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in which NC,Q(x) is the axial force when a concentrated loadQ is applied
at mid-span, NC,q(x) is the axial force when a constant distributed
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Fig. 1. (A) Composite beam, (B) proposed model to simulate the structural behavior of the composite beam.
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when a concentrated external bending moment, Mext is applied at one
beam edge, and NC,P(x) is the axial force when a concentrated
prestressing load P is introduced at both beam edges and applied at
the centroid of the concrete slab. In these equationsM(x) is the bending
moment at cross section x, Ec and Es are the Young'smodulus in concrete
slab and steel beam, AR and IR are the area and the inertia of the reduced
composite section, AcR and IcR are the reduced area and inertia of the
concrete section, AS and IS are the area and inertia of the steel section,
hsc is the distance between the concrete slab and the steel beam cen-
troids, and acR and xq are coefﬁcients deﬁned as presented in
Eqs. (5) and (6).
acR ¼ IR  ARhsc  AcR  AS ð5Þ
xq ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
IS þ IcRð Þ  sq  ES
acR  hsc  nq  kq
s
: ð6Þ
The ﬁrst term of Eqs. (1), (2) and (3) represents the axial force of the
concrete partial cross section in composite beams with full interaction
between steel beam and concrete slab. On the other hand, the second
term of these equations (ψQ, ψq and ψM, respectively) includes the effect
of the deformability of the shear connection at the concrete–steel inter-
face. In the case of the prestressing load (in Eq. (4)) the axial force for
full interaction corresponds to the term ζC · P, while ζS · P · ξS includes
the effects of the partial interaction.In addition to their computational cost, the limitation of the
analytical equations refers to their application restrictions. In fact,
these equations cannot be applied in a number of practical design
solutions (such as tapered beams, non-continuous shear connector
distributions or complex load cases). For continuous beams, support
reactions are unknown. For this reason, these structures cannot be ana-
lyzed with those formulae unless it is assumed that the reactions of a
continuous beam are not affected by the partial interaction.
3. Description of the proposed model
The model presented to study the structural behavior of composite
beams with partial interaction (as the one presented in Fig. 1.A) is
based on an intuitive elastic and linear FEM. In this model, six different
types of beam elements are used to achieve the ﬁrst three assumptions
followed in the analytical equations described in the preceding section.
The six frame elements of the proposed model are as follows:
1. Element type 1 for concrete slab: these beam elements model the
concrete slab. Therefore, these elements include the same properties
of the concrete slab at its centroid (presented in Fig. 1.A).
2. Element type 2 for steel beam: these beam elements model the steel
beam and they include the same properties of the steel beam at its
centroid (presented in Fig. 1.A).
3. Element type 3 for vertical struts: these truss elements connect
vertically the nodes of the concrete and the steel beams (nodes of
element types 1 and 2). Element type 3 has no weight, inﬁnity area
and null inertia and might be uniformly spaced a length V. This
element equals the vertical deﬂections at the centroids of steel and
383J. Turmo et al. / Journal of Constructional Steel Research 114 (2015) 380–393concrete sections throughout the beam length. This condition can be
mathematically expressed as follows:
Mc xð Þ
Ec  Ic ¼
Ms xð Þ
Es  Is ð7Þ
in which,Mc(x) andMs(x) are the bendingmoments along the x axis
of concrete and steel sections, respectively.
4. Element type 4 for shear connector springs: these elements simulate
the effects of the stiffness kq of the shear connectors illustrated in
Fig. 1.A. These elements correspond with axial linear springs located
at the concrete–steel interface. The shear connector springs have no
bending stiffness. With S being the spring spacing, sq being the shear
connector longitudinal spacing, L4, being the arbitrary length of ele-
ment type 4, A4 being the arbitrary area of element type 4, and the
Young's modulus of element type 4, E4, can be deﬁned assuming
that the axial rigidity of the element is equal to the shear connection
stiffness as presented in the following equation:
E4 ¼ nq  kq  L4  SA4  sq : ð8Þ
5. Element type 5: these beam elements simulate the distance between
the concrete centroid and the steel–concrete interface of the com-
posite beam (see Fig. 1.A). These elements connect the concrete
nodes with the shear connectors at the concrete–steel interface
(nodes of element types 1 and 4). These elements have inﬁnity
axial and ﬂexural stiffnesses. If the shear connectors are uniformly
distributed these elements might be spaced a length S throughout
the beam.With hc being the concrete thickness, uc being the horizon-
tal displacement at the concrete beam node and θC its rotation they
enable the following horizontal movement uc1 at the concrete–steel
interface for rectangular sections:
u1c ¼ uc−
θc  hc
2
: ð9Þ
6. Element type 6; these frame elements simulate the distance between
the steel centroid and the steel–concrete interface of the composite
beam (see Fig. 1.A). These elements connect the steel nodes with
the shear connectors at the concrete–steel interface (nodes of
element types 2 and 4). These elements include inﬁnity axial and
ﬂexural stiffnesses. If the shear connectors are uniformly distributed
these elements might be spaced a length S throughout the beam.
With hs being the height of the steel beam, us being the horizontal
displacement at the steel beam node and θs its rotation they enable
the following horizontal movement us1 at the concrete–steel inter-
face for a y-symmetric cross section beam:
u1s ¼ us þ
θs  hs
2
: ð10Þ
The boundary conditions of the FEM are located at the steel beam
centroid. This is appreciable in Fig. 1.B,where a possible FEM to simulateTable 1
Characteristics of the different elements of the proposed FEM. (E=Young'smodulus, A=
area, I= inertia).
Element type E A I
1 (concrete beam) EC AC IC
2 (steel beam) ES AS IS
3 (vertical strut) E≈ ∞ A≈ ∞ 0
4 (connector spring) E4 (Eq. (8)) A4 0
5 (concrete thickness) E≈ ∞ A≈ ∞ I≈ ∞
6 (steel depth) E≈ ∞ A≈ ∞ I≈ ∞the composite beam in Fig. 1.A is presented. This ﬁgure also illustrates
the six different element types described above and their location.
The main characteristics of each of the element types of the pro-
posed FEM are summarized in Table 1. In this table the inﬁnity symbol,
∞, is used to indicate that the corresponding value is very high.
The analysis by means of any simple structural software of the pro-
posed FEM provides information useful for design. The obtained results
might be summarized as follows: (1) beam deﬂections throughout the
composite beam axis; (2) relative slip between the concrete slab and
the steel beam; (3) axial forces and bending moments at the centroids
of the concrete slab and the steel beam (This has the advantage that
these efforts can be used directly for design, without no need of inte-
grating stresses.); (4) axial forces at the spring connectors (These forces
are strongly relatedwith the shear per unit length throughout the steel–
concrete interface.); and (5) reactions at the boundary conditions.
4. Application of the proposed method
In this section the numerical application of the model proposed in
Section 3 is presented. In this application, two composite beams are
analyzed. The ﬁrst structure (Example 1) corresponds with a simply
supported composite beam, while the second one (Example 2) corre-
sponds with a three-span continuous composite beam.
4.1. Example 1: simply supported composite beam
In this section a simply supported composite beam is analyzed. After
describing the main characteristics of the structure, three parametric
analyses are carried out. In order to study the sensitivity of the compos-
ite behavior, theﬁrst of these analyses studies the effect of the size of the
FEMs. To do so, the results obtained by the analytical equations of
Martínez and Ortiz [2] are compared with those obtained by different
FEMs including changes in the separation of vertical struts (number of
element type 3) and shear connector springs (number of element type
4, and hence 5 and 6). The second parametric analysis illustrates the
effect of the stiffness of the concrete and steel connection, Kq. Finally,
the third parametric analysis shows the effects of the depth of the
steel beam. This study includes a comparison between the results
obtained by the analytical equations and those obtained by FEMswith
different I beams.
4.1.1. Description of the structure
The ﬁrst analyzed example corresponds with the 4.5 m length
simply supported composite beam presented in Fig. 2.A. This structure
includes a 1mwidth and hc=0.2m thick concrete slab that is connect-
ed with an IPE300 (with a depth, hS, of 0.3 m). The Young's modulus of
concrete, Ec, and steel, ES, is 3.2E7 kN/m2 and 2.1E8 kN/m2, respectively.
The connection between both materials is carried out by mean of two
shear connectors spaced every 30 cm. The stiffness of each shear con-
nector, kq, is 170,000 kN/m. In this way, the stiffness of the connection
Kq is 1.13E6 kN/m2.
The structural behavior of the composite beam is analyzed by a set of
different FEMs. Differences between these models refer to (1) different
spacing among spring elements, S, formed by element types 4, 5 and 6.
The studied spacing between spring connectorsmight be either uniform
or non-uniform depending on the distribution of the actual shear con-
nectors. Only uniformly spaced spring connectors are considered in
this analysis. The spacing used is 2.5, 5, 15, 30 and 90 cm. These distribu-
tions are named S2.5, S5, S15, S30 and S90, respectively. (2) Different
spacing among vertical struts, V, that is to say element type 3. As in
the case of the spring connectors, the studied spacing is 2.5, 5, 15, 30
and 90 cm. These distributions of struts are called V2.5, V5, V15, V30 and
V90, respectively. The combination of the different spring connectors
and vertical struts' distributions leads to a number of 25 different
FEMs presented in Fig. 2.B. Every FEM is named by their spacing (e.g.
S5V30 is a model with spring connectors every 5 cm and vertical struts
(A) 
hc
=0
.2
m
IPE300
Concrete Slab 
 (1m x0.2m)
hs
=0
.3
m
0.
25
m
V [2.5, 5, 15, 30, 90] cm
4.5 m
(C) Q
S [2.5, 5, 15, 30, 90] cm
sq = 0.3m(B) 
(D) q
(E) P
Fig. 2. Example 1: (A) geometry, (B) studiedmodels, (C) concentrated loadQ, (D) uniform
load, q, and (E) prestressing load, P.
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Inertia, I) of each of the elements of the different FEMs are listed in
Table 2. All the FEMs (referred in table as S2.5 to 90V2.5 to 90) share the
characteristics of the ﬁrst ﬁve element types. Nevertheless, this is not
the case of the spring connector element which depends to a great ex-
tent on the spring spacing, obviously the higher the spacing the higher
the axial stiffness of the springs. The Young's modulus for each springTable 2
Characteristics different elements of the FEMs.
Element type FEMs E (kN/m2) A (m2) I (m4)
(1) concrete slab S2.5 to 90V2.5 to 90 3.20E7 2.00E−1 6.67E−4
(2) steel beam S2.5 to 90V2.5 to 90 2.1E8 5.38E−3 8.36E−5
(3) vertical struts S2.5 to 90V2.5 to 90 1.00E10 1.00E10 0
(4) connector spring S2.5V2.5 to 90 4.25E5 1.00E−3 0
S5V2.5 to 90 8.50E5 1.00E−3 0
S15V2.5 to 90 2.55E6 1.00E−3 0
S30V2.5 to 90 5.10E6 1.00E−3 0
S90V2.5 to 90 1.53E7 1.00E−3 0
(5) concrete thickness S2.5 to 90V2.5 to 90 1.00E10 1.00E10 1.00E10
(6) steel depth S2.5 to 90V2.5 to 90 1.00E10 1.00E10 1.00E10spacing is calculated by Eq. (8) assuming an arbitrary spring area, A4,
of 1E−3 m2 and an arbitrary spring length, L4, of 0.075 m. Note that
the Young's modulus of the edge springs is half of that presented in
Table 2 because their tributary lengths are half of that of the inner
shear connector springs.
In order to ease the comparison with the analytical equations, the
effects of three simple load cases have been studied. These load cases
are as follows: (1) concentrated load, Qm, of 100 kN at the mid span of
the concrete slab, m; (2) constant distributed load, q, of 10 kN/m on
the concrete slab; and (3) two concentrated axial loads (prestressing),
P, of 100 kN applied at the centroids of the edges of the concrete slab.
Each of these load cases are presented in Fig. 2.C, D and E, respectively.
It is clear to notice that in small structures, placing a spring element
at the location of the actual connector might not be a computational
issue. Nevertheless, this might not be the case in large scale structures
where aminimization of the number of elements in themodel (without
a reasonable lack of accuracy)might be required. Obviously, the spacing
of the spring connectors and vertical struts plays an important role in
the number of both nodes and beam elements in the FEMs. This is
appreciable in Fig. 3.A and B where the minimum number of nodes
and beamelements of each FEM is presented. It is important to highlight
that in these ﬁgures eachmodel (SiVj) is represented by the intersection
of the corresponding spacing Si andVj. The analysis of Fig. 3.A shows thatS2.5
S5
S15
S30
S90
0
300
600
900
1200
V2.5
V05
V15
V30
V90
Fig. 3. Characteristics of the FEMs of Example 1: (A) number of nodes and (B) number of
elements. The result of each FEM (SiVj) is obtained by the intersection of the spacing Si and
Vj.
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(S90V90). In the case of the beam elements, they range from 1080
(S2.5V2.5) to 30 (S90V90).
4.1.2. Comparison with the analytical equations
In this section, a parametric analysis is presented to illustrate how
the spring connector and vertical strut spacing inﬂuence the behavior
of the FEMs. To do so, the results of the analytical equations, AE, present-
ed in [2] are comparedwith those obtained by the FEMs described in the
preceding section. This comparison is based on two parameters:
(1) beamdeﬂection, fm, atmid span,m and (2) the axial force at the cen-
troid of the concrete slab, Ncm, at mid span,m.
The percentage differences between the results obtained by the
FEMs and the analytical equations are calculated as follows:
Ncm SiV j
 
−Ncm AEð Þ
Ncm AEð Þ

 ð11Þ
f m SiV j
 
− f m AEð Þ
f m AEð Þ

: ð12Þ
The differences obtained by Eqs. (11) and (12) for load casesQ and q
are summarized in Fig. 4. This ﬁgure also illustrates the parameters Ncm
and fm. Differences in the load case P (prestressing) are not included in
this ﬁgure because they were negligible.
The differences in Fig. 4 might be not only related with the way
(location and shape) the load is applied, but also with themodel geom-
etry (location of the vertical struts, V, and the springs, S, elements). In
fact, this ﬁgure shows that the higher differences appear in model
S90V90 when the concentrated load at mid span is applied. It is to notice
that, as this model includes neither vertical strut nor spring elements at
the beam mid span, the load is directly applied to an inner point of a
concrete element (element type 1). The difference of this model with
the analytical equations might be explained by the local bending pro-
duced in the concrete element. Obviously, this effect is avoided when
the concentrated load is directly applied to a node including either aS2.5
S5
S15
S30
S90
0%
1%
2%
3%
4%
5%
V2.5
V05
V15
V30
V90
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V2.5
V05
V15
V30
V90
(C)
Fig. 4. Comparison of the results of different FEMs with the analytical equations, AE: (A) Ncm f
intersection of the spacing Si and Vj.vertical strut or a spring element (that is to say, in models with lower
V and S spacing). Obviously, the higher the spacing between vertical
struts and spring connectors, the higher the differences. This is appre-
ciable by the fact that the maximum differences are found in model
S90V90. For this model, the maximum differences of Ncm and fm are
1.76 and 4.26% for Q and 1.38 and 3.30% for q. The results presented in
Fig. 4 also illustrate that increasing the spacing of the spring connectors
in the FEM increases the differences with the analytical equations more
than increasing the spacing of the vertical struts (or in other words, the
role of the spring connector spacing is more important than the role of
the vertical strut spacing).
The values of Ncm obtained by the FEMs were lower than those
obtained by the analytical equations. In fact, the lower the number of
elements in the FEM the lower the obtained Ncm and the higher the dif-
ferences with result of the analytical equations, AE. In the case of fm, the
FEMs present higher values than the AE. The signs of these differences
are explained by the fact that the AE assumes a continuous stiffness at
the steel–concrete interface. This continuous interface produces higher
stiffness than the actual one (with discrete shear connection). This
higher stiffness results in higher values of Ncm and lower values of fm
when the results of the AE are compared with those of the FEMs.
Note that the analytical solution might be regarded as the exact
solution. This is misleading, as the physical behavior of the discrete
behavior of the shear connectors might be best modeled by the FEM.
This is achieved by introducing spring elements at the locations of the
shear connectors are presented (S30). Even though the most accurate
simulation of the physical behavior is achieved when a great number
of shear connectors are used (S30V2.5), from a practical point of view, it
is suggested to use the same number of vertical struts and shear springs
in the FEM (S30V30). Furthermore, there is no need to use spacing be-
tween these smaller than the actual separation of the shear connectors.
4.1.3. Results of the FEMs
Some of the results obtained in each of the proposed FEMs are sum-
marized in Fig. 5. In this ﬁgure the FEM S30V30 (with 45 nodes and 90
beamelements) is considered under load casesQ, q and P. Fig. 5 presentsS2.5
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or Q, (B) fm for Q, (C) Ncm for q and (D) fm for q. The result of each FEM is obtained by the
Fig. 5.Axial forces in S30V30 of Example 1: (A) concrete slab,Nc, and (B) shear force per unit
length at the concrete steel interface, SCS.
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386 J. Turmo et al. / Journal of Constructional Steel Research 114 (2015) 380–393the axial forces throughout the axis of the concrete slab,Nc (Fig. 5.A) and
the shear forces per unit length at the concrete steel interface, SCS
(Fig. 5.B). The latter parameter might be determined from the spring
forces, FS, or by the increment of concrete axial forces in elements
between springs, ΔNc. The calculation of SCS from these parameters
can be carried out taking into account the shear connector spacing, sq,
as follows:
SCS ¼ FSsq ¼
ΔNC
sq
: ð13Þ
As expected, the analysis of the results presented in Fig. 5.A shows
that compressive forces appear at the concrete slab for all loading
cases. For vertical loads (such as Q and q) the maximum compressive
forces are 202.88 and 53.59 kN, respectively and are located at mid
span, while for prestressing loads (P) the maximum compressive force
is 100.0 kN and is located at the beam edges. On the other hand, the di-
agrams presented in Fig. 5.B illustrate the shape of the shear forces per
unit length at the steel–concrete interface. The maximum values of
these forces are located at the beam edges. The shear forces per unit
length, SCS, obtained by FEMs in different locations (x = 0, 0.9 and
1.8 m) in load case Q are presented in Table 3. The analyzed FEMs are
S90V90 (number of springs lower than the actual structure), S30V30
(number of springs equal to the actual structure) and S2.5V2.5 (number
of springs higher than the actual structure). Table 3 also analyzes theTable 3
Shear stress per unit length, SCS, in Q at different locations throughout the beam length, x.
x= 0m x= 0.9 m x = 1.8 m
SCS(S90V90) [kN/m] 114.03 106.73 57.90
SCS(S30V30) [kN/m] 116.21 108.78 65.17
SCS(S2.5V2.5) [kN/m] 116.48 109.16 65.50
j SCS ðS90V90Þ−SCS ðS30V30ÞSCS ðS30V30 Þ j [%] 1.88% 1.88% 11.15%
j SCS ðS2:5V2:5Þ−SCS ðS30V30ÞSCS ðS30V30Þ j [%] 0.23% 0.35% 0.65%effects of the number of spring elements in the SCS. This analysis is car-
ried out by mean of the following percentage differences:
SCS S90V90ð Þ−SCS S30V30ð Þ
SCS S30V30ð Þ

 ð14Þ
SCS S2:5V2:5ð Þ−SCS S30V30ð Þ
SCS S30V30ð Þ

: ð15Þ
The analysis of Table 3 shows that when a lower number of spring
elements are introduced into the FEM (S90V90) lower values of SCS are
obtained. For example, at x = 1.8 m the value of S90V90 (57.90 kN/m)
is 11.15% lower than model S30V30 (65.17 kN/m). The opposite effect
appears when the number of spring elements (S2.5V2.5) is higher than
that of the actual structure. Nevertheless, these differences are signiﬁ-
cantly lower in comparison with S90V90. For example, SCS in S90V90 at
x = 1.8 m (65.50 kN/m) is 0.65% higher than model S30V30.
4.1.4. Parametric analysis of the connection stiffness Kq
The structural behavior of the composite beam is inﬂuenced, to a
great extent, by the connection stiffness, Kq. Obviously, the higher the
stiffness the lower the slip between concrete and steel and therefore,
the more similar the behavior to that of a composite beam with full in-
teraction. This is to say, the resistant mechanism is mainly a couple of
forces, a compressive force in the slab, and a tensile force in the steel.
The lower the connection stiffness, external loads are mainly balanced
by two bendingmoments acting in the steel and concrete cross sections.
To illustrate this effect Fig. 6 is presented. This ﬁgure compares
the values of Ncm and fcm obtained by the model S2.5V2.5 for a stiffness
Kq, [NcmðS2:5V2:5ÞKq and fcmðS2:5V2:5ÞKq ], with those values obtained for
full interaction, for loading cases Q, q and P when the Kq of beam of
Example 1 varies from 0 to 2.33E7 kN/m2.
Fig. 6.A shows that, obviously, the higher the Kq themore similar the
values of NcmðS2:5V2:5ÞKq and NcmðS2:5V2:5ÞK∞ , and therefore, the closer
the ratio to 1. When Kq is increased this ratio tends asymptotically to
1. Fig. 6.A also illustrates the important role that the ﬂexibility of the
connection plays in the structural behavior of the composite beam. In
fact, in structures with ﬂexible connections under vertical loads the
error of assuming a full interaction at the concrete–steel interface
cannot be neglected. For example, when Kq is ﬁxed to 1.66E5 kN/m2
the axial forces in the model in the loading case q (−29.92 kN)Kq[kN/m2] ·100000
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Fig. 6. (A) Ratios between NcmðAEÞ Kq and NcmðAEÞ K∞ , and (B) ratios between fcmðAEÞ Kq
and fcmðAEÞ K∞ , for loading cases Q, q and P.
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Fig. 8. Percentage differences ofNcmbetween results of S2.5V2.5, S90V90 and analytical equa-
tions, S0V0 (AE), related to S30V30 in terms of Kq for loading cases Q (A) and q (B).
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creased in the loading case Q. In this case, the NcmðS2:5V2:5ÞKq
(−107.82 kN) represents 39.48% of NcmðS2:5V2:5Þ K∞ (−273.06 kN).
On the other hand, Fig. 6.B shows that the stiffness of the connection
plays a signiﬁcant role in all analyzed load cases. For example, when
Kq is ﬁxed to 1.66E5 kN/m2, fcmðS2:5V2:5Þ Kq (−3.49 mm) represents
167.72% of the full interaction deﬂection (−2.09 mm). It is important
to highlight that, in this particular example, this ratio is very closed to
the one obtained for loading case q (166.98%). In loading case P, the in-
ﬂuence of the connection stiffness is smaller than in the other analyzed
loading cases.
The role that the connection stiffness plays in the shear force per unit
length at the concrete steel interface, SCS, is presented in Fig. 7. This
ﬁgure compares the values obtained in themodel S2,5V2,5 for four differ-
ent stiffnesses Kq (6.67E4, 1.67E5, 1.16E6 and 2.33E6 kN/m2)with those
obtained assuming full interaction.
Fig. 7 shows that, as expected, the higher the connection stiffness,
the higher the absolute value of shear force per unit length at a given
x, SCS(x). For example, the value of SCS obtained for a connection stiffness
of Kq = 6.67E4 kN/m2 (−39.4 kN/m) is increased to 121.38 kN/m for a
connection stiffness of 2.33E6 kN/m2 over the bearings. The higher the
connection stiffness, the more similar the maximum value to the one
obtained by full interaction (121.39 kN/m). It is important to highlight
that the maximum values for partial interaction do not exceed those
obtained when full interaction is assumed. Moreover, the integral of
the shear forces along the beam increases for increasing shear connec-
tion stiffness. The major differences between partial and full interaction
are located atmid span as the full interaction assumption cannot predict
accurately the shear force per unit length at this location.
In order to evaluate how the connection stiffness Kq inﬂuences the
results of the different models, a parametric analysis is carried out in
this section. In this analysis the differences of the results of model
S30V30 are compared with those obtained by a model with a reduced
number of spring connectors (S90V90), a model with a high number of
spring connectors (S2.5V2.5) and the results of the analytical equation
(AE, also referred as S0V0) when Kq varies from 0 to 2.33E6 kN/m2.
Calculation of Eq of the spring connector elements (element types 4) is
carried out by Eq. (8).
The analysis of the effects in Ncm of the number of springs
representing Kq is presented in Fig. 8. This ﬁgure includes the percent-
age differences between the results of S30V30 and the analytical equa-
tions (also called S0V0), S2.5V2.5 and S90V90 for loading cases Q and q.
These differences are calculated by Eq. (16). The prestressing load P is
not included because the differences with S30V30 were negligible.
Ncm SiV j
 
−Ncm S30V30ð Þ
Ncm S30V30ð Þ

: ð16Þ
Fig. 8 shows that stiffness Kq plays an important role in the results
obtained by the different models. On the one hand, the differences
between analytical equations, AE, and S2.5V2.5 with the S30V30 are practi-
cally negligible, as they remain lower than 0.1%. From these values, itFig. 7. Shear force per unit length at the concrete steel interface, SCS, in model S2.5V2.5 for
different Kq in kN/m2 and with a full interaction connection.can be concluded that similar results are obtained when a higher
number of spring connectors than the actual structure is considered.
Nevertheless, this is not the case in those models with lower number
of springs than the actual structure (such as S90V90). In this case, the dif-
ferences depend on Kq (the higher the Kq, the higher the differences).
The maximum values represent a deviation of 2.69% for Q and 1.35%
for q.
4.1.5. Effects of the relative height of the concrete deck and the steel beam
In order to evaluate how the steel relative height inﬂuences the
results of the different models, a parametric analysis is carried out in
this section. In this analysis the structure presented in Section 4.1.1 is as-
sumed to have four different steel cross sections (IPE100, IPE300,
IPE500 and IPE1000). Differences between the characteristics of these
models only refer to the beam element type 2, steel beam (as each
model includes the area and inertia of the different steel I beams). For
each of the steel beams, the three following models are analyzed:
model with high number of spring connectors S2.5V2.5, analytical
equation, AE or S0V0, and model S30V30.
The axial forces at themid span, Ncm, obtained in each of the models
under loading casesQ and q are summarized in Table 4. This table shows
that Ncm depends on the stiffness of the composite section. Obviously,
independently of the number of spring connectors considered, the larg-
er the I beam, the stiffer the steel beam and therefore the lower theNcm.
For example, this is appreciable in S30V30 under loading case Q. In this
structure, Ncm varies from −108.61 kN (IPE100) to −59.69 kN
(IPE1000).
Table 4 also includes the percentage differences between the model
with high number of spring (S2.5V2.5) connectors and the analytical
equations, AE and the percentage differences between the model
S30V30 and the AE. These differences are calculated by the following
equations:
Ncm S2:5V2:5ð Þ−Ncm S0V0ð Þ
Ncm S0V0ð Þ

 ð17Þ
Ncm S30V30ð Þ−Ncm S0V0ð Þ
Ncm S0V0ð Þ

: ð18Þ
Table 4
Comparison of the axial forces in concrete Ncm for different beam types.
IPE100 IPE300 IPE500 IPE1000
Q q Q q Q q Q q
Ncm(S0V0) [kN] −110.59 −28.30 −203.07 −53.68 −137.04 −36.91 −56.95 −15.32
Ncm(S2.5V2.5) [kN] −109.32 −28.12 −203.08 −53.69 −139.54 −37.34 −58.36 −15.88
Ncm(S30V30) [kN] −108.61 −28.00 −203.46 −53.79 −140.54 −37.61 −59.69 −16.23
j Ncm ðS2:5V2:5Þ−NcmðS0V0ÞNcm ðS0V0Þ j [%] 1.15% 0.64% 0.01% 0.02% 1.82% 1.16% 2.48% 3.64%
j Ncm ðS30V30Þ−Ncm ðS0V0;ÞNcmðS0V0Þ j [%] 1.70% 1.05% 0.19% 0.21% 2.55% 1.89% 4.82% 5.97%
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shows that the differences between S2.5V2.5 and the analytical equations
depend on the I beam. In the analyzed structure, the stiffer the steel
beam the larger the Ncm obtained by S2.5V2.5. For example in the
IPE1000, the percentage difference calculated by Eq. (17) represents
the 2.48% for Q and the 3.64% for q. The same effect is obtained when
the results of S30V30 and the analytical equations are compared. In this
case, the maximum differences calculated by Eq. (18) represent the
4.82% for Q and the 5.97% for q.
4.2. Example 2: three span continuous composite beam
In this section a three span continuous composite beam is analyzed.
First, the main characteristics of the structure are described. Then, two
parametric analyses are carried out. The ﬁrst of these parametric
analyses illustrates the effect of the size of the FEMs in continuous
beams. The second parametric analysis shows the role of the stiffness
of the connection, Kq in continuous structures with different I beams.
Finally, the results obtained by the analytical equations presented by
Martínez and Ortiz [2] are compared with those obtained by different
FEMs for different I beams.
4.2.1. Description of the structure
The continuous composite beam analyzed in this paragraph has
three spans (3.6 m + 4.5 m + 3.6 m) as presented in Fig. 9.A. This
beam includes the same cross section of Example 1, that is to say a
concrete slab of 1 m width and 0.2 m thick connected to an IPE300.
As in the preceding example, the analyzed loading cases are as
follows: (1) concentrated load, Q, of 100 kN on concrete slab at mid
span, m, of the central span; (2) a uniform distributed load, q, of
10 kN/m along the whole length of the concrete slab; and (3) two con-
centrated prestressing loads, P, of 100 kN at the centroids of the edges of
the concrete slab. These load cases are illustrated in Fig. 9.B. The param-
eters analyzed for each of these loading cases are the axial force at the(A) 
Q
P 
q
f
(B) 
(C) 
Nc
     3.6m                                  4.5m    
Concrete 
Fig. 9. Example 2: (A) geometry, (B) analyzedconcrete slab at mid span, Ncm, and the vertical deﬂection at the mid
span, fm (Fig. 9.C).
In order to analyze the effects of the element number of the FEM, a
set of different FEMs have been studied. Differences between these
models refer to (1) spacing between spring connectors. The same uni-
form spacing of Example 1, (S2.5, S5, S15, S30 and S90) is considered.
And (2) spacing between vertical struts. Two different spacing (V2.5
and V90) are considered. This leads to a number of ten different FEMs
that are named, as in Example 1, by mean of the combination of the
two corresponding spacing (e.g. S2.5V90). The number of nodes and
elements of each of the FEMs is presented in Fig. 10.
Fig. 10 shows that in Example 2 the number of nodes ranges from 39
(S90V90) to 1404 (S2.5V2.5 and S2.5V90), while the number of beam
elements ranges from 78 (S90V90) to 2808 (S2.5V2.5).
4.2.2. Results of the FEMs
A comparison of the results obtained by the analyzed FEMs is
presented in Fig. 11. This ﬁgure includes the percentage differences in
terms of axial forces at the mid span of the concrete slab, Ncm
(Fig. 11.A) and the vertical deﬂection atmid span, fm (Fig. 11.B) between
S2.5V2.5 (the more similar model to the analytical equations) and the
other analyzed FEMs for loading cases Q, q and P. The comparison
parameters are calculated as follows:
Ncm SiV j
 
−Ncm S2:5V2:5ð Þ
Ncm S2:5V2:5ð Þ

 ð19Þ
f m SiV j
 
− f m S2:5V2:5ð Þ
f m S2:5V2:5ð Þ

: ð20Þ
The analysis of Fig. 11.A shows that the differences of Ncm between
FEMs are negligible for the loading case P. For vertical loads (such as Q
and q) most of FEMs also present negligible differences of Ncm with
S2.5V2.5. Nevertheless, this is not the case of those FEMswith spring con-
nectors separated 90 cm, such as S90V2.5 and S90V90. For example in                                3.6m
IPE300
Slab 
load cases, and (C) analyzed parameters.
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Fig. 10. Number of nodes and beam elements in different FEMs of Example 2.
389J. Turmo et al. / Journal of Constructional Steel Research 114 (2015) 380–393S90V90, thedifferences ofNcmwith S2.5V2.5 reach 2.57% for q and 2.22% for
Q. On the other hand, the analysis of Fig. 11.B illustrates that the differ-
ences of fm between FEMs are higher than those obtained in Ncm. The
maximum values reach 6.44% for q, 5.91% for Q and 3.32% for P. These
results show a slightly worse behavior than in the case of simply
supported beams.
Some of the results obtained in each of the proposed FEMs are sum-
marized in Fig. 12 for S2.5V2.5 under loading cases Q, q and P. This ﬁgure
includes the axial forces throughout the axis of the concrete slab, Nc
(Fig. 12.A) and the longitudinal shear forces per unit length at the
steel–concrete interface, SCS (Fig. 12.B). The values of SCS have been
calculated by Eq. (13).
Fig. 12.A shows how the axial forces, Nc, are based on the bending
moment law of each loading case. In the vertical loading cases (such
as Q and q) hogging bending moments appear in the inner supports.
For this reason, at the proximities of these supports positive forces Nc
(that is to say, tensile forces) are obtained. The maximum compressive
forces for the vertical loading cases (−117.56 kN in Q and−14.91 kN
in q) are located at mid span, m. On the other hand, the diagrams pre-
sented in Fig. 12.B illustrate the continuous shape of the shear forces
per unit length at the steel–concrete interface.
Note that as shown in Figs. 3 and 4, from a practical point of view,
S30V30 is the most interesting model that represents the behavior of
the actual composite beam. For this reason, this model is used in all
the following sections.(A)
(B)
Fig. 11. Comparison of the results of different FEMs with the results of S2.5V2.5 in terms of
(A) Ncm and (B) fm for loading cases Q, q and P. The result of each FEM is obtained by the
intersection of the spacing Si with the line Vj.4.2.3. Parametric analysis of Kq for different beam sizes
In order to evaluate the effects of the connection stiffness,Kq, on stat-
ically indeterminate structures two parametric analyses are carried out
in this section. In the ﬁrst of these analyses Ncm of S30V30 is studied for
stiffnesses Kq varying from 0 to 2.33E6 kN/m2 for loading cases Q, q
and P. In this analysis, the Eq of the spring connector elements (element
type 4) is calculated by Eq. (8).
A comparison betweenNcm and fcm obtained by the S30V30, for a stiff-
ness Kq, and Ncm and fcm obtained by the same model for very stiff con-
nections, K∞, is presented in Fig. 13.
Fig. 13.A shows that, as expected, the higher the Kq the more similar
the values ofNcmðS30V30ÞKq andNcmðS30V30ÞK∞ , and therefore, the closer
the ratio to 1. Thisﬁgure also illustrates that the ﬂexibility of the connec-
tion plays an important role in the structural behavior of continuous
composite beams. In fact, in structures with partial interaction under
vertical loads differences with full interaction might be signiﬁcant. For
example, when Kq is 1.67E5 kN/m2 the axial force in the model in the
loading case Q (−53.53 kN) represents 29.90% of NcmðS30V30ÞK∞
(−179.03 kN). On the other hand, the analysis of the deﬂections
presented in Fig. 13.B shows that the lesser the connection stiffness,
the higher the differences between ratios. For example, when Kq isFig. 12. Internal force diagrams in Example 2 for S2.5V2.5: (A) axial forces in concrete slab,
Nc. (B) Longitudinal shear force per unit length at the concrete–steel interface, SCS.
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Fig. 13. (A) Ratio between NcmðS30V30ÞKq and NcmðS30V30ÞK∞ , and (B) ratios between
fcmðS30V30Þ Kq and fcmðS30V30Þ K∞ , for loading cases Q, q and P.
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represents 201.38% of the deﬂection for full interaction (−0.98 mm).
So, service limit state should be carefully checked with adequate
models.
Fig. 14 presents a comparison between the shear forces per unit
length at the concrete steel interface, SCS, in model S30V30 with ﬁve con-
nection stiffnesses Kq. This ﬁgure shows that the stiffer the connection
the closer the maximum values of SCS to those obtained for full interac-
tion. As in the case of the simply supported beampresented in Fig. 7, the
maximum values of the full interaction are not exceeded by themodels
with partial interaction. In addition, it is important to highlight that
major differences appear between the results obtained by the partial
and the full interaction at the proximities of the inner supports and
mid span. Because of these differences, the integral of the shear forces
throughout the beam obtained by the models with partial interaction
is lower than those obtained by the model with full interaction.
The second parametric analysis presented in this section studies
how the connection stiffness Kq inﬂuences the behavior of the model
S30V30 with different I beams. In this analysis the structure presented
in Section 4.2.1 is assumed to have four different beams (IPE100,
IPE300, IPE500 and IPE1000). The characteristics of the models of
these structures only differ in the area and inertia of the steel beam
element (element type 2). This parametric analysis is focused on the
bending moments at mid span, Mm. The values of these bending mo-
ments can be determined either from the internal forces (axial forcesFig. 14. Shear force per unit length at the concrete steel interface, SCS, inand bending moments acting on the concrete slab and the steel beam)
or the external forces (external reactions on the boundary conditions).
In this paper, the lattermethod has been used. This is to say, the bending
moment at cross section m at mid span has been calculated by equilib-
rium equations from the reactions obtained in the ﬁnite elementmodel.
The effect of the stiffness connection in different I beams in the load-
ing case Q is summarized in Fig. 15 according to the following ratio:
1−
Ri S30V30ð ÞKq
Ri

; i ¼ 1 for the outer supports and i
¼ 2 for inner supports ð21Þ
in whichRiðS30V30ÞKq represents the vertical reactions obtained for stiff-
nessKq, and Ri represents the vertical reactions for the continuous beam.
The subindex i refers to the location of the support (i = 1 for the outer
supports and i = 2 for the inner ones). Obviously, the closer the ratio of
Eq. (21) to 0, the more similar the reactions obtained by the models
with ﬂexible connection, RiðS30V30ÞKq to those of the continuous beam.
The maximum ratios of each I beam are also indicated in Fig. 15.
WithMmðS30V30ÞKq being the bendingmoment atmid span obtained
for stiffness Kq, and MmðS30V30ÞK∞ being the bending moment at mid
span obtained for a very high stiffness, K∞, the following ratio can be de-
ﬁned to present the changes of the bending moments produced by the
shear connector stiffness:
1−
Mm S30V30ð ÞKq
Mm S30V30ð ÞK∞

: ð22Þ
Fig. 16 summarizes the differences between MmðS30V30ÞKq and Mm
ðS30V30ÞK∞ for loading cases Q and q. This ﬁgure shows that the ratio in
Eq. (22), depends on the stiffness, Kq, the I beam and the loading case.
The analysis of loading case Q (Fig. 16.A) shows that the bending mo-
ments for null Kq correspond with those obtained by K∞, and therefore,
null ratios are obtained. For intermediate Kq a maximum ratio is obtain-
ed for each I beam. The maximum ratios obtained in loading case Q
(0.33% for IPE100, 1.76% for IPE300, 3.47% for IPE500 and 2.67% for
IPE1000) are found in a range of Kq between 6.67E4 kN/m2 (IPE100)
and 1.67E6 kN/m2 (IPE10000). Because of the statical redundancy of
the structure, the location of this maximum is not easy to predict. Fur-
thermore, the depth, the area and the inertia of the I beam are related
with two different resistant mechanisms (the pair of forces between
the concrete and the steel and the ﬂexural mechanism). The resistant
mechanism of the pair of axial forces between the concrete and the
steel section depends on the depth and the area of the I beam. In this
way, the higher the depth or the area of the IPE section, the higher the
axial forces in both concrete and steel. On the other hand, the ﬂexural
stiffness of the I beam, depends on the IPE inertia. Obviously, the higher
the inertia the higher the ﬂexural behavior of the steel beam andmodel S30V30 for different Kq (in kN/m2) and with a full interaction.
Fig. 15. Ratio presented in Eq. (21) in terms of Kq for a S30V30 with different I beams (IPE100, IPE300, IPE500 and IPE1000) under loading caseQ. Reaction at the outer supports R1, (A), and
at the inner supports R2, (B).
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stiffness Kq in loading case q (Fig. 16.B) are signiﬁcantly lower. In fact,
the maximum ratios obtained (0.71% for IPE1000) can be considered
negligible as they do not reach 1%.
4.2.4. Comparison with the analytical equations
In this section the results of the analytical equations, presented by
Martínez and Ortiz [2] are compared with those obtained by two
FEMs. These FEMs correspondwith amodel with practically continuous
steel–concrete connection, S2.5V2.5, and a model S30V30. The ﬁrst step to
carry out this comparison consists on extending the analytical equations
to dealwith continuous structures, as in the literature they are only pro-
posed to simply supported structures. To do so, the continuous beamFig. 16. Ratio presented in Eq. (21) in terms of Kq for a S30V30 with different I beamcan be replaced by an equivalent simply supported beam for each load-
ing case. In this way, the bendingmoments atmid span can be obtained
by equilibrium equations. It is to highlight to apply equilibrium
equations using Martinez and Ortiz formulas, the support reactions
have to be calculated ﬁrst with the model presented in this paper (in
this section the model S30V30 has been used). The possibility of using
the reactions for a continuous beam given by the strength of materials
theory is always there, but some errorwill be introduced in the solution.
The Ncm value obtained by the analytical equations (S0V0), S2.5V2.5
and S30V30 for different I beams (IPE100, IPE300, IPE500 and IPE1000)
with Kq of 1.13E6 kN/m2 in loading cases Q and q is presented in
Table 5. This table shows that for light I beams (such as IPE100) the an-
alytical equations provide higher values than the FEMs. The opposites (IPE100, IPE300, IPE500 and IPE1000) under loading case Q (A), and q (B).
Table 5
Comparison of the axial forces Ncm for different steel I beams.
IPE100 IPE300 IPE500 IPE1000
Q q Q q Q q Q q
Ncm(S0V0) [kN] −67.25 −8.86 −117.64 −14.83 −77.64 −9.89 −30.34 −3.96
Ncm(S2.5V2.5) [kN] −65.94 −8.85 −117.63 −14.91 −80.29 −10.48 −32.19 −4.23
Ncm(S30V30) [kN] −65.90 −8.85 −117.56 −14.88 −80.40 −10.47 −32.28 −4.22
j Ncm ðS2:5V2:5Þ−NcmðS0V0ÞNcm ðS0V0Þ j [%] 1.95% 0.17% 0.01% 0.55% 3.42% 5.93% 6.07% 6.58%
j Ncm ðS30V30Þ−Ncm ðS2:5V2:5ÞNcm ðS2:5V2:5Þ j [%] 0.05% 0.00% 0.06% 0.18% 0.14% 0.06% 0.29% 0.01%
392 J. Turmo et al. / Journal of Constructional Steel Research 114 (2015) 380–393effect is produced in stiff I beams (such as IPE500 and IPE1000). Table 5
also presents a comparison between the results obtained by the differ-
ent models. This comparison is carried out by mean of the absolute
value of the ratios presented in Eqs. (17) and (23).
Ncm S30V30ð Þ−Ncm S2:5V2:5ð Þ
Ncm S2:5V2:5ð Þ

: ð23Þ
The analysis of the ratios presented in Table 5 shows that the differ-
ences between the results of the analytical equations (S0V0) and S2.5V2.5
depend on the I beam. The stiffer the steel beam the larger the differ-
ences. The maximum values (6.07% for Q and 6.58% for q) are obtained
for IPE1000. These differences can be explained by the role that the stiff-
ness of the steel beam plays in the overall behavior of the continuous
composite beams (and therefore, on their reactions). On the other
hand, the second ratio presented in Table 5 illustrates that in this
particular case, the differences between S2.5V2.5 and S30V30 are
negligible.
5. Conclusions
In addition to their computational cost, the use of analytical equa-
tions to analyze composite beams with partial interaction is limited in
practice. In fact, this procedure is not always applicable to a number of
common structures (such as statically indeterminate and tapered
beams, non-continuous shear connector distributions or complex load
cases). To ﬁll these gaps, a two dimensional ﬁnite element model
(FEM) is proposed in this paper to simulate the behavior of composite
beams with partial interaction. This model includes the following six
different types of frame elements: the concrete slab, the steel beam,
the spring connectors to simulate the concrete–steel interface, and
two kinds of vertical struts to simulate the distance between concrete
and steel sections' centroid and the steel–concrete interface. Compared
with the analytical equations presented in the literature, this method
presents the following advantages: (1) intuitiveness, as the different
elements of the model present a close and easy to understand relation
with the structural behavior of the composite beam; (2) applicability,
as the method directly provides useful information for the design
work (In fact, the application of this method includes any beam geome-
try, any distribution of non-uniform shear connectors and any applied
load for both determinate and indeterminate beams.); (3) versatility
and generalization in dealing with any combination of loading and
boundary conditions (Furthermore, the proposed model does not re-
quire assuming a continuous connection at the concrete–steel inter-
face.); (4) easy elaboration of models; and (5) possible widespread
use of the model, as it can be implemented in any structural software.
The presented method is able to simulate the shear deformability. Nev-
ertheless, in the current work, shear deformability was not considered
because the results were compared and validated with the analytical
equations, which do not include this deformation. The effects of the
shear deformability will be addressed in detail in a future research.
To evaluate the simulation of the proposedmethodology, two exam-
ples (a simply supported beam and a continuous beam) have been ana-
lyzed according to different load cases. In each of these structuresdifferent parametric analyses have been carried out and the results
were compared with those obtained by the analytical equations
presented in the literature. The analysis of these structures leads to
the following conclusions. (1) The FEMs with reduced spacing among
spring connectors reproduce correctly the results of the analytical equa-
tions. Note that the analytical equations might be regarded as the exact
solution. This is misleading, as the physical behavior of the discrete be-
havior of the shear connectors might be best modeled by the proposed
FEM. This model includes a spring element at the steel-concrete inter-
face, at those places where the shear connectors are located. Even
though the most accurate simulation of the physical behavior is
achieved when a great number of vertical shear connectors are used,
from a practical point of view, it is suggested to use the same number
of vertical struts and shear springs in this FEM. (2) As expected, the stiff-
ness of the concrete and steel connection inﬂuences the behavior of the
composite beams. In statically determined beams, the higher the stiff-
ness of the connection the larger the differences between the analytical
equations and the FEMs are. This effect is more signiﬁcant in those
structures with higher spacing of spring elements. On the other hand,
in the case of continuous beams the maximum differences with the an-
alytical equations depend on the depth of the I beam. In fact, the maxi-
mum differences are obtained for intermediate shear stiffnesses.
Because of the statical redundancy of the structure, the location of this
maximum cannot be easily predicted. Furthermore, the depth, the
area and the inertia of the I beam are related with two different re-
sistant mechanisms (the pair of forces between the concrete and
the steel and the ﬂexural mechanism). In the prestressing of the
concrete slab the effects of the stiffness of the connection can be
neglected. (3) As expected, the models show how the values of
shear forces per unit length obtained by models with partial inter-
action do not exceed those values obtained when full interaction is
assumed. The integral of shear forces throughout the beam is lower
in those models with partial interaction than in models with full in-
teraction. (4) The proposed model has validated the use of the an-
alytical equations to approximate the behavior of continuous
beams. Albeit reasonable, until now, this conclusion was untested
as in the literature these equations were only presented to deal
with simply supported beams. The presentedmethod will be devel-
oped in the future to address tapered beams, the effect of shear de-
formation, 3D structures and nonlinear behavior of concrete slab,
steel beam and shear connectors.Acknowledgments
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